
March 2000 

Line Positions  and  Intensities  in  the 2vz/v4 Vibrational 
System of 14m3 near 5-7 pm 

C.  COTTAZ, I. KLEINER, G. TARRAGO, 

Laboratoire de Photophysique  Moleculaire 
Universite Paris Sud,  Unite propre de  C.N.R.S 

Biitiment 2 10, 9 1405 Orsay  Cedex,  France 

L. R. BROWN, , J. S. MARGOLIS, R. L. POYNTEX, H. M. PICKETT, 

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak 
Grove Drive,  Pasadena, 91 109 USA 

T. FOUCHET, P. DROSSART  and E. LELLOUCH 

Observatoire de Paris, DESPA 
5 ,  place  Jules  Janssen,  92195  Meudon  Cedex,  France 

Pages 2 2  
Tables : 1 l+appendix 
Figures :5 

1 



Mailing address : 

Isabelle  Kleiner 
Laboratoire de  Photophysique  Moleculaire 
Universite Paris Sud, Bat. 210 
91405 Orsay  Cedex  France 

Running title : Line  Positions and Intensities in the 2vz/v4 Vibrational  System of 1 4 N H 3  

near 5-7 pm 

2 



Abstract 

Line  positions  and  intensities  belonging to the vibrational  system 2v2/v4 of 
ammonia '%I33 are measured  and  analyzed  between 1200 and 2200 cm"  in 
order to improve the molecular  database. For this, laboratory spectra are 
obtained at 0.006 and 0.011 cm" unapodized  resolution  and  with 4% 
precisions for  the intensities  using Fourier transform spectrometers located 
at  the Kitt Peak National  Observatory  and the Jet Propulsion Laboratory. 
The observed data contain transitions of the v4 fbndamental  band  near 
1626.276(1) and 1627.375(2) cm" (for s and a inversion upper states 
respectively)  and the 2v2 overtone band  near 1597.470(3) and 1882.179(5) 
cm" (for s and a inversion states respectively). A total of 2345 lines  with  J' 
I 15 is  assigned  from  which 2 1 14 lines  positions  with  J' 5 15 are fitted using 
an effective  rotation-inversion-rotation  Hamiltonian to achieve a rms of 
0.003 cm" with 57 molecular  parameters.  Over 1200 intensity  measurements 
are modeled to *4.7% using 16 terms of  the dipole  moment  expansion. A 
dyad  model is used in order to model all the interactions expected  within the 
2V2/V4 system.  The  bandstrengths of 2v2 (sea),  2v2 ( a t s )  and v4 ( s t s  and 
a t a )  .are  estimated to be 6.68(24), 0.201(5) and 116(3) cm-2  atm" 
respectively  at 296 K. The  prediction generated by this study is available for 
planetary studies. 

I. INTRODUCTION 
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Ammonia  is the  fourth most  abundant constituent in the atmosphere  of Jupiter, aRer 
hydrogen,  helium  and  methane (1). The 5-7 pm window  is of pai-ticular interest for 
studies of the giant  planets because the detected radiation originates fiom deep  in 
the atmosphere where pressures are a few bars (1). In particular, in May 1997, the 
SWS (Short Wavelength Spectrometer) instrument on board of the IS0 satellite 
recorded spectra of the Jovian  atmosphere fiom 2.4 to 45 pm at an average 

resolving power of 1500. The 5 and 10 pm  spectral  range of this SWS-IS0 
spectrum  was interpreted with a line-by-line  radiative transfer code by Fouchet et ai. 
(2)' using the N H 3  spectroscopic data available  at that time (3)' but the analysis 
quickly  revealed that a more complete  and  detailed database of spectroscopic 
parameters of 1 4 N H 3  in the 1200-2200 cm" region was needed for the analysis  of 
planetary data. 

~ ~ . .  .. ~ ~~ ~ ~~~~ .. . . . ~~~ ~~ . ~~ . 

The goal of  the present paper  is thus to provide a complete  prediction  of  line 
positions  and intensities for  the 2v2/v4 system of '-3 at 5-7 pm similar to the 
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studies  performed  at  4  pm  and  3  pm  (4-5). 

The  main  absorption  of  ammonia  at  5-7  pm  is  due to the v4  hndamental and the 
2v2 overtone  band.  With the large  inversion  splitting of the v2 vibrational  mode, the 

2v2/v4  system covers  an  extended  range  from 1200 to 2200 cm". The two overtone 
components, 2v2 ( s t a ) ,  2v2 ( a t s )  centered  at  1597.470(3) cm" and  1882.179(5) 
cm", respectively, are indeed no less  than  285 cm" apart. The two hndamental 
components v4 ( s t s )  and v4 ( a t a )  are centered  at  1626.276(1) cm" and 
1627.375(2) cm" respectively. 

In the  past,  this  spectral  range was the object of many investigations of both  line 
positions  (6-14)  and  intensities  (3,  15-22).  Those  studies  assigned over 1600  line 
positions of ' "H3 ,  and the analyses  revealed  a  strong  Coriolis type coupling 
between the v4 ( a t a )  and the 2v2 ( s t a )  components  and also large 1-type 
resonances  in v4. Urban et al. (6)  studied the v2 = 1, v2 = 2, vz = 3, v4 = 1 and v2 = 
v4 = 1 interacting  energy  system by  combining  microwave  and  infrared  data.  They 
determined  Coriolis coupliigs and  1-type  doubling  constants  using  combined data 
from  a  vacuum  grating  infrared  spectrometer,  a  diode  laser  spectrometer  and  a 
submillimeter  wave  spectrometer.  About  420  lines of v4 band (J I 11) and 180 lines 
of 2v2 band (J 5 12)  were  assigned  from 1450 to 2086 cm". Using  a  theoretical 
treatment  developed by Spirko et al. (23), the molecular  constants for  the v2 = 2 
and v4 = 1 states were determined by least-squares  with  a  staridard  deviation  of 
0.041 cm". Later on, Cohen et al. (7)  and  Urban et al. (8) assigned  about 860 
perturbation-allowed  transitions (in AK = 53 and AK = &2) inw4. More recently, 
Sasada et al. (9, 10) gathered  a  number of published  measurements  and  added  about 
630 new IR measurements (J 5 13) and  153 M W  transitions in v2 = 2 (s) and v4 = 1 
(s and  a).  Those authors achieved  a root mean  square  deviation of 0.00038 cm" for 
the IR transitions,  but  when the MW data  were  weighted  according to the 
experimental  accuracy,  large lR data deviations  were  generated. The number  of 
adjusted  parameters  used was quite  important; no less  than 91 parameters were 
needed to model  upper state levels of the  three  components  up to J = 13, and  for - 
11 pairs of those parameters, there was a  strong  correlation  factor  larger  than 0.99. 

The  highest  upper state component v2 = 2  (a) was studied  up to J = 1 1, K = 10 by 
Lellouch et al. (3) who assigned  about 90 transitions in the 2v2 ( a t s )  band  between 

1800-2100 cm". Upper state energy  parameters of this 2v2 ( a t s )  component were 
also obtained by hot  band  studies of v2=2  (a)  v2=l (s) (24-26). 

4 



The  line  intensities  with reported precisions of 5% to 15% were  measured  at  high 
resolution in five  prior studies. In the 1480-1596 cm” spectral range, some 40 
experimental  intensities fiom a tunable diode laser spectrometer were reported by 
Urban et al. (15, 16) for both components of v4 (including 18 AK=S perturbation- 
allowed  transitions)  and the lower component of 2v2 ( s t a ) .  Using Fourier 

transform spectrometers, Lellouch et al. (3) obtained over 750 line  intensities in v4 . 

and 2v2 ( a t s )  in the 1800-21 00 cm” range  while  Aroui  et  al. (1 7) measured about 
57 P branch  line  intensities in v4 near 1550 cm”. Most recently,  Kralik et al. (18) 

obtained  intensities of 16 R branch  lines O f  v4 between 1793 and 18 10 cm”. 

None of the previous studies covers the total spectral  range of the four components 

of the 2v2/v4 system  nor do they  simultaneously  model  both  line  positions  and 
intensities.  Therefore, in the present effort, a comprehensive  new data set is 
obtained for the whole  region  between 1200 and 2200 cm”.  Assignments are 
extended  and  completed as much as possible to J = 15. The 2v2/v4 system  is treated 
as a dyad so that all Coriolis  and “essential” resonance interactions (“I-type” and 

“K-type”) between the four components 2v2 ( a t s ) ,  2v2 (sea),  v4 ( a t a )  and v4 (s 
6 s )  can  be  included  explicitly.  From the modeling  of  both l i e  positions  and. 
intensities, a reliable  prediction  of the ammonia  spectrum is achieved. 

In this  paper,  Section 11 presents the experimental  details. In Sectip III, we briefly 
describe the theoretical approach  used. Section IV concerns the line  positions  and 
intensities  analyses  and the determination of energy  and  intensity  parameters. 
Finally, results of  Section IV are used  in Section V to generate a line-by-line 
frequency  and  intensity  prediction  suitable for  the analysis of the Jovian spectrum. 

I I .  EXPERIMENTAL  DETAILS 

Seventeen  laboratory spectra of ammonia were recorded using the National Solar 
Observatory  McMath  FTS  located  at Kitt Peak  National  Observatory in Arizona, 
and  five spectra were  obtained  using a Bruker HR120 FTS located at the Jet 
Propulsion Laboratory. The gas conditions  of these data are listed  in  Table 1 .  The 
ammonia gas samples  were  generally in normal abundance. 
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The Kitt Peak data were collected  during  five  different  observing  sessions 
between 1984 and 1995. The  first nine spectra in Table 1 were recorded in the 
900 to 2600 cm" region  using two matched  As-doped  Si detectors and a KC1 
beamsplitter.  The  next four runs at  higher  optical  density were taken using the 
same detectors with a CaF2 beamsplitter.  Finally, four  other spectra fiom 1800 to 
5200 cm", originally  obtained for other studies (4, 5) ,  were also  measured to 
provide  intensities of  the very  weak features throughout the important 5 pm 
window  region.  These latter spectra were  scanned  using  matched  InSb detectors 
and a CaF2 beamsplitter. For all sets, globar sources were used,  and  scans  were 
integrated for 60 - 70 minutes to achieve  signal-to-noise ratios of 300: 1 or 
better. 

In order to confirm the absolute accuracies of the intensity data, five  additional 
spectra were recorded at JPL using a HR120 Bruker  FTS.  For this, a KC1 
beamsplitter  and a Helium-cooled  Boron-doped  Silicon detector was used  with a 
globar source. Each Bruker spectrum  was at 0.006 cm" resolution. The signal  from 
a globar source was integrated for 3 to 4 hours to record the 6-to-5 pm region. 

Seven  different absorption cells  were  utilized in all. Two  of these (IO. and 4. cm) 
were made of glass,  and the rest  were constructed of stainless steel. The  path 
lengths greater than 1.5 m were achieved  using  multipass  cells wi$h base lengths  of 
one  meter  and six meters, Pressures in the range of 2 to 20 To; were selected in 
order to maximize the stability of the ammonia  sample in the absorption cells. 
Pressures and temperatures were monitored  continuously  during the scanning  using, 
respectively, capacitance manometers  and thermistors (or  for  the 1-m-base  white 
cell,  platinum resistance thermocouples. For a few spectra, a second absorption 
chamber  containing low pressure CO was  included so that  the 1 - 0 band (27) could 
be  employed as  the wavenumber  calibration standard. For other spectra, the 
calibration  was  based  on  residual water features (28) or by calibrated N H 3  

transitisns. 

< 

The spectra were measured by spectral  curve fitting (29) of the unapodized 
spectrum in the manner  described in other ammonia studies (4, 5 ,  30, 31). In  the 
higher pressure scans,  it  was  necessary to retrieve the self-broadened  line  widths 
and to fit features in larger  intervals (of 1 to 2 wavenumbers)  simultaneously in 
order to determine the location of the continuum correctly. A sample  retrieval  is 
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shown  in  Fig. 1 using the 10.9 TOIT  spectrum  in the region  of the 2vz (a&) R 
branch. In the figure, the observed  and  computed spectra are overlaid, with the 
differences  between the spectral  digits plotted above. 

A sample of the resulting  individual  measurements  and the corresponding  averaged 
values are shown in Table 2. The averages are marked by ** with the rms of the 
differences  between the "ith"  observed  value fiom the average  following the 
measurement; for intensities, the differences are shown in percent. It can  be  seen in 
Table 2 that  the measurements  cover  nearly  five orders of magnitude of intensity. 
Furthermore, there  are no large systematic  differences in the intensities fiom run to 
run. 

The  question of the absolute  accuracies for intensities is addressed by comparing 
measurements  from other instruments. In Table 2, it  is  seen that the results from the 
P L  Bruker are within a few  percent of those  fiom  the Kitt Peak FTS. Furthermore, 
line-by-line  comparisons  with  most other studies (3, 15-17,  18) also  show good 
agreement  with  present  results.  The  Comparisons are summarized in Table 3, which 
gives the type of instrument,  spectral  range, type of transitions,  and  number  of 
transitions reported by the other studies. Line  intensities that were remeasured in 
the present study were selected,  and the mean  ratio  of the intensities 
(othedpresent),  the rms  in  percent  and the range of the ratio values were computed. 
Three of the studies (3, 15 and 17) were found to be within 3 ,:% of the present 
values,  even though these  other measurements were done in somewhat  different 
spectral  regions  with  different spectrometers. One study (16), which  had  also  used 
the FTS at Kitt Peak, reported intensities that were lower by a factor  of 17. The 
source of their systematic error is likely a combination of uncertainty in the optical 
density  and the method  chosen to retrieve intensities fiom a limited  number of 
ammonia spectra. Another  study (1 8) differed by 18% k 14.5%. Nevertheless, these 
comparisons suggest that the overall  absolute  accuracy  of the 1 4 N H 3  intensities in 

the 5 to 7 pm region is close to 3%, although the precisions  of  individual transitions 
vary  greatly, as demonstrated by the rms values. 

'. 

The  new spectra in this study were  intended  primarily for the analysis of the line 
intensities, rather than for  the positions,  and thus higher  ammonia pressures up to 
20 Torr were selected to provide  stability in the gas samples.  Therefore, accuracies 
of the  line positions taken from these data are affected by ser-broadened pressure- 

induced  shifts  which are largely  unknown. As discussed in the 3 pm study ( 9 ,  



pressure  shifts  might  be  as  high  as 0.00025 cm" per Torr. Therefore, many of the 
positions for 2v2 (s <-- a)  and v4 were  taken from the prior  study of Sasada  et al. 

(10); these  had  been  retrieved  with  a  reported  accuracy of ~t0.0002 cm" fiom a 
spectrum of 1 Torr (also  recorded at Kitt Peak).  Toward the end of  the present 
analysis,  some 400 line  centers  were  retrieved fiom a  new  low  pressure  spectrum of 
0.1 Torr of ammonia  (not  listed  in  Table 1); when  calibrated  with  carbon  monoxide 
(27) and water (28) transitions, these new  positions were found to agree  with the 
old  values  with  a  mean  difference of 0.000004 cm" and  an rms of 0.00020 cm". 
However, for the very  weakest  lines,  particularly 2v2 (a <-- s), the positions  were 
taken fiom scans  with  pressures of 6 to 20 Torr so that the accuracies may  be 
*0.003 cm" even for isolated  lines  (like the R branch  lines  shown  in  Fig.  1). 

ID. THEORETICAL MODEL 

As in the 4 pm and 3 pm  band  system (4, 5),  the  present  analysis of the infiared 
'%H3 spectrum  in the 5-7 pm  region  uses the theoretical  approach  based  on  a 

vibration-inversion-rotation  energy  levels  parameterization  developed  by  Spirko  et 
al. (23) and  Urban et al. (32), and on an  intensity  parameterization  introduced by 
Pracna et al. (33). 

1 

The two bands 2v2 and v4 presently  investigated are treated as;a  dyad  system  in 
order to account  for the Coriolis  type  coupling  between 2v2 and v4 and  also  for all 
essential  resonances (1-type and  k-type)  within 2v2 or v4. @l the interactions 

between the 2v2/v4 system  and other vibrational  bands  like v2,  3v2 or v2+v4 are 
assumed to be  weak  enough to be taken  into  account  properly by  a  perturbation 
treatment  via the contact  transformation  method. We will see  later  that  this 
assumption is reasonably  valid, as was the case  for 3v2/v2+v4 (4). 

, -  

The same  computer  programs  set  up  for the 3 pm  region ( 5 )  are  used  in  the  present 
investigation.  The  energy  matrix  needed in the  present work to calculate  the  upper 

state energies of the 2v2/v4 system  is  very  similar  (in its rotational  dependance) to 
the upper state energy  matrix  required  for the ~ v ~ / v z + v ~  system.  The  exact 
expressions of the energy  matrix  elements for the  diagonal  terms  and  for the 
essential  resonances  used in our present  study  are  given in the Table 4. In Fig. 2, we 
represent the upper state energy  matrix  with the energy  parameters  used  in the 
present  study to describe the interactions  between  inversion-vibration-rotation 
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levels.  Hereafter we will  refer to the different  interactions as “Coriolis l”, 

“Coriolis 2”, “2, -1” 1-type, “2,  2” 1-type, “2, -4” 1-type  and  “k-type” as 
defined  in Fig. 2. 

The  transition  dipole  matrix  elements  corresponding to the transitions  investigated 
in the 2v2  and  v4 bands are also  similar  in  their  rotational forms to those used  in the 
3v2  and  v2+v4  bands.  They  can  be  found  in  Table IV of Ref (4). The do‘,  do: .. . and 
dl‘, dl X.. .  parameters  (where  i  represents the inversion  quantum  number  for the 
lower  state)  represent the transition  dipole  moment  and  Herman-Wallis  corrections 
for 2v2 and v4 components  respectively. 

The  basis  wavefbnctions  used in Tables III and IV of Ref (4) and  in  Table 4 of this 
paper are the eigenhnctions  of the zero  order  Hamiltonian  labeled I i,  v2,  v4, 1 4 ;  J 
K> where  i = s or a  represents the inversion  symmetric  and  antisymmetric 
components  respectively.  Like  in  Refs. (4-9, the energy  and  transition  dipole 
moment  matrices are expressed  (before  diagonalization)  in terms of symmetrized 
basis  fbnctions so that both  matrices  can  be  factored  according to the symmetry 
classification  of the vibration-inversion-rotation  levels  within the D3h group. 

IV. RESULTS 

Energy and intensity  parameters are determined  by  fitting the experimental data. In 
all our  fits of the  two upper state levels of ‘-3 between 5 and 7 pm, the ground 
state  parameters are fixed to the values  reported by Urban et al. (8). Their  ground 
state  combination  differences  are  better  than lo4 cm”,  and  therefore  satisfactory for 
the  present  study.  We thus decided to keep those ground state parameters to be 
consistent  with our previous works (4, 5). 

a 

a)  Line  assignments  and  upper state enerm fit : 

Our  study  covers the spectral  range  of  1200-2200  cm”.  Starting from the line 
positions  and  prior  published  assignments (3, 8, lo),  we extended  them up to J= 15. 
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Using the ground state combination  difference  method, we increased the number of 
identified  lines  from  about 1600 to 2345 transitions. In particular, for  the relatively 
weak 2v2 ( a t s )  band,  some  40  line  assignments  were  added to the 90 previously 
reported (3). 

For the fit of the upper state energies,  we  discarded all lines  Corresponding to either 
multiple or uncertain  assignments or corresponding to very  weak  lines  until 21 14 
transitions  remained.  They  include  1307  allowed  transitions  and 807 perturbation- 
allowed transitions. Our  best  fit  in  energy  has  allowed us to reproduce infrared 
experimental data with an  overall rms of 0.0034 cm" using  only 57 parameters for 
the 21 14 fitted lines  which all show (observed - calculated) values smaller  than 
0.020 cm". All the transitions are included  in the fit  with the same weight equal to 
1 .O. The  root-mean-square  deviations (rms) in  cm" are given  in Table 5 and  show 
the quality  of the fit for each  vibrational  band and  each  inversion component. The 
2 1 14 fitted l i e s  correspond to 1 14,  108, 245 and  225  different upper state energy 
levels for 2v2 ( s t a ) ,   2 v ~   ( a t s ) ,  v4 ( s t s )  and v4 ( a t a ) ,  respectively. 

Although those rms values do not reach the experimental  accuracy, they do 
represent  an  improvement over the prior  analyses. For the first time, the four 
symmetric  and  asymmetric  components of  2v2 and v4  are included  simultaneously in 
the model,  increasing  considerably the total spectral  range  analyzed in energy  and 
intensity. 

Our  fit in fact takes  into account all  assigned  lines  up to J 5 15. As illustrated in Fig. 
3. a for the two components of 2v2, the observed-calculated  values as a function of 
the upper state energy  quantum  numbers J' and K stay  around k 0.003 cm"  up to J 
= 13,  and  even  when we add  almost  one  hundred  lines  at  higher J, the quality  of the 
fit  is  similar. In particular, the 2v2 (a Cs) component,  which  is  analyzed for the first 
time together with the other components, is rather well reproduced. There are 21 
parameters fitted for v2 = 2, 27 for v4 = 1 and 9 parameters fitted to describe the 

2V2/V4 Coriolis  coupling. No strong correlation between the parameters is observed, 
except  between the diagonal qJs and q K s  parameters (correlation of 0.99). We  tried 
to eliminate  this correlation by fitting only  one of those parameters  and  fixing the 
other one to zero, but  the rms deviation of  the fit  increased  considerably in this 
case. 

In the present least square fit, the choice of  the higher order terms was sometimes 
difficult. In order to choose the best  and the most  predictable set of parameters, we 
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had to iterate between the position  fit to  the intensity  fit.  The  decision to introduce 
a parameter in the energy  fit  was  taken after considering its uncertainty, its 
correlation with other parameters and its influence on the intensity  fit. 

The tables that follow show our results with those from other investigations. 
However, comparisons  with  previous studies are difficult  even  with the most 
complete  analysis  done  by Sasada et al. (1 0) who  did not include  in their fit the v2 = 
2 (a) component  and  needed 91 parameters to fit 785 lines. 

Tables 6.a and 6.b compare the parameters  used in the fkndamental state (8) and 
those obtained by our  fits in different  vibrational  systems (4, 5 ) .  Table 6.a presents 

the parameters corresponding to the v2 overtones (v2,  2v2 and 3v2), while  Table 6.b 
gives the parameters corresponding to the v4 overtones (v4 and 2v4) and to the 
combination  band v2+v4. Table 6.c shows the values of the Coriolis interaction 
parameters for  the 2v2/v4 system  and the 3v&+v4 system. Throughout Tables  6, 
the columns (s) give the values of the parameters for  the symmetric  component  and 
the columns (a-s) give the differences of  the parameters between the asymmetric 
and  symmetric  components. 

In Table 6 4  we note that  the values of the rotational parameters B, and G, as well 
as the centrifbgal distorsion parameters D, and H,, show large differences  with the 
values in the ground vibrational state when the inversion  mode v24s involved. For 

v4, the second order centrifkgal distortion parameters DJ, DX and DK  are not 
significantly  different  from the fkndamental  values (8) or fi-omjthose obtained by 
Sasada et al. (lo), but for  the 3v2 overtone, they  change  sign.  The  same  effect  is 
also seen for the higher order  terms-HJ, HK, HKJ and HK, except that  the change of 
sign  already occurs for 2v2. For  the 2v; component, the values of the fourth order 
centfigal distortion parameters are in agreement  with those obtained by D’Cunha 

(25) in their 2vZatv2 hot band studies. The values of the eighth order centrifbgal 
distorsion terms are kept  fixed to their ground state values from Ref. (8), as was 

done in the 3v2lv2+v4 and vlIv3  /2v4 studies (4, 5 ) .  

,+ 

In Table 6.b, among  all the “essential”  resonance  parameters,  only the 1-type 
interaction parameters q2 and G (and their J and K dependance)  have a sign 

determined by the giant  I-type  splitting  occuring  in v4. The  values  obtained for q2 

and G are positive, as presented in Tables 6. On the other hand, the relative  signs of 
the q3,,  91, c2 and c1 parameters (and their rotational dependances) are not 
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determined  by the fit, and  changing  all the signs of this  series of parameters  does 
not  modify the fit. In the same  way,  changing the relative  signs  of c1 and c2 (and 
their  rotational  dependances) does not  change the fit. 

In Table  6.c, we show the values  of the Coriolis  parameters  for the 2v2/v4 and 3v2/ 
vZ+v4 systems.  Contrary to the 3v2/v2+v4 system, the leading  Coriolis  type 
interaction c: term  between the  two vibrational states 2v2 and v4 is  very  well 
determined due to the proximity of the v2 = 2 (s) and  v4 = 1  (a)  components,  and no 
less  than  nine  parameters  are  needed to describe  properly the interaction  between 
the two bands.  Contrary to the symmetric  component, the difference  between the 
symmetric  and  asymmetric  component of this  Coriolis  parameter (c: - cl") between 
the 2v; and vqS components  cannot  be  determined in our fit due to  the fact  that the 
2v; component  is  far  away  from the v2 component,  even  though the first  order 
correction  in K of this  difference (elk - clKs)  appears to be  significant.  Our  best fit 
(both  in  energy  and  intensity) is obtained  by  fixing the first order interaction  term 
(ct) between 2v; and vqS to the same  value as the clS parameter. 

All those interaction  parameters  are  determined by fitting  a  large  number of allowed 
and  perturbation-allowed  transitions  for  both the 2v2 and v4 bands. In Table 7, we 
present the standard deviation. (in  cm") and the number  of  perturbation-allowed 
transitions  fitted.  With  such  a good modeling  of the positions,  most of the 
intensities of perturbation-allowed  transitions  can  be  well  reprodu;ked  also  (see  next 
section).  Finally,  some 48 vibrationally  mixed  transitions  involving  a  strong  mixing 
between the 2v2 and v4 upper  states (50 - 50 mixing) are a1so;included  in the fit 
which show a rms deviation of 0.0032 cm". 

~~~~~ ~ ~ ~ . . ~  - " ~~~~~ - 

Due to the strong  Coriolis  interaction  between the v2 = 2 (s) and v4 = 1  (a)  upper 
state  energy  levels,  avoided  crossings  are  observed for high J values  between 9 and 
11 and K values  ranging  from  1 to 8 (except  for K = 2 )  of  the 2v; component. An 

avoided  crossing  between the v2 = 2 (s) and  v4 = 1  (a)  upper  state  energy  levels  due 
to the fourth order Coriolis  interaction  is  also  observed for J = 12  and K = 6 of the 

2v; component.  Consequently,  the  first  order (c:, clJs  and  c1,S) Coriolis  interaction 
parameters  are  well  determined  in our fit (as  well as their  relative  sign)  and  induce  a 
strong  mixing  between the energy  levels. For most  upper state energy  levels,  the 

mixing of the basis  wavefbnctions I i,  v2, v4, l4 ; J K> in the eigenfbnction 
correspond to 10/90 % to 30/70 % and  this  rotational-vibrational  mixing  has  a 
signiticant  influence on  the intensity, as shown in the next  section. 
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b)  Intensity  Fit 

In the  present  work,  some 1203 intensity  measurements  between 1253 and 2134 
cm“ were modeled  with  a  rms of 4.7 %. As seen in Table 5, some 142,  112,  501 

and 426 transitions  from 2v2 ( s t a ) ,  2v2 (a ts) ,  v4 ( s t s )  and v4 ( a t a )  band, 
respectively, as well as 22 vibrationally  mixed  transitions  were  included  in the fit. 
The  standard  deviations’ in Table 5, calculated  as [I& - ICalc / Iobs ] x 100 for each 

vibrational  component,  are 5.0 % for 2v2 ( s t a , ~ ) ,  3.0 % for 2v2 (ats,a), 5.0 % for 
v4 (sts,a), 4.8 % for v4 (ata,s)  and 5.5 % for 22 vibrationally  mixed  lines,  similar 
to the 5 % experimental  accuracy.  Fig. 3.b. shows the observed-calculated 
intensities (“h) as a  function of  the lower state quantum  numbers I” and K” for the 
allowed  transitions “Q, T and PR of the two components of 2v2. As in the energy 
fit, we were  able to include  in the intensity fit as many  high J values as possible,  in 
particular for  the newly  modeled 2v2 ( a t s )  component.  Thus we believe that this 
demonstrates the reliability of  the model to reproduce the measurements  and to 
predict the spectrum through the full range of  the observed  values of J. 

The Appendix  presents all the fitted  line  intensities;  it  lists the line  assignment 
(column I-111), the observed  line  position (IV), the difference  betxireen  observed  and 
calculated  positions  (in lo5 cm-,’) (V), the measured  intensity (So) (VI) and 
corresponding  estimated  measurement  uncertainty  in  percent (p), the difference 
between  measured  and  calculated  intensities  in  percent -(So - Sc / So) (Vm) and the 
number of optical  densities  used for the intensity  measurement ( E ) .  

The sixteen  fitted  transition  moment  parameters  are  given  in  Table 8 which  lists the 
parameters as defined  in  Table IV of  Ref (4), the retrieved  values  and  uncertainties 
by  vibrational  component  and the rotational  quantum  number  dependance 
associated  with  each  term.  Only  parameters  showing  a test value greater than twiw 
the overall test value were retained  as  significant  parameters. 

Prior to selecting  which  transition  moments to use,  it  was  necessary to evaluate the 
effect of  the implicit  interactions  on the calculated  intensities. It was  found that the 

intensity of 2 v ~  ( a t s )  component is particularly  sensitive to the Coriolis  interaction 

modeling  between 2v; and v; components. If, in the energy fit, all the Coriolis 

13 



.- I. 

interaction  parameters  (including all the J and K dependance  of those parameters) 
between 2v; and v4s components are set  equal or opposite to those between 2v; 
and v2  components, the 2v; intensities are greatly  overestimated  (up to 90%), 

particularly  in the R branch. On the other  hand,  when we consider the cla value 
different  from the asymmetric  component c{ (i.e.  when we try to fit  both the c< 
parameter  and the difference (cia - c { )  in the energy fit), we note that the 2v; 
intensities are not  well  modeled  either; the standard  deviation goes up to about 12% 
for  this  component,  and  there  is  no  ,significant  decrease in the standard  deviation for 
the other bands.  Finally, we conclude  that the best  intensity  calculation is obtained 
when, as already  mentioned  in the previous  section, we fit  only the c1s parameter, 
constrain the difference  c?-cIS to zero,  and fit both the clKs and the difference (elk - 
ClK’) . 

For the v4 band, we need  seven  intensity  parameters (the leading term dl and  six 
Herman-Wallis  terms dll, d12,  d15,  d16,  d17 and d18) to model 927 lines  with  a  rms 
deviation of 4.9 %. The differences  da - ds for those v4 band  parameters are not 
found to be  significant  and  are  set to zero. For  the 2v2 band,  nine  intensity 

parameters (the leading  terms for the s and  a  components d; and  (dt - d;) and four 

Herman-Wallis  terms  d , d :2y d i3 and  d i4 and three of their  (d” - ds) 

corresponding  values)  were  required to fit 254 lines to a  rms  deviation of 4.1%. The 
group of dl1,  d12,  dl5 , d16 and  dol,  d02, d o 3  and do4 intensity parqeters ( as defined 
in Table IV in  Ref. (4)) represents the J and K dependance  ’Herman - Wallis 
correction of the leading term dl for v4 and Q for 2v2 respectively.  The  role of 
those Herman-Wallis  corrections is very  important: if we fit  only the leading  terms, 
the  standard  deviation goes up to 68 % for  the v4 band  and to 28 and 60 % for the 
2v2 (s) and 2v2 (a)  components. The d17 and dl8 (the J (J+l) dependance of d17) 
intensity  parameters  become  determined  only  when we take into  account in the fit 
the perturbation-allowed  transitions in AJ = 0, f l  and AK = f 2  of v4 (noted “0” 
and “S” in the Appendix). 

< 

- 
As it  can  be  seen in Table 7, these  perturbation-allowed  transitions of the v4 band  in 

AK = B are reproduced with a 6.5 % rms standard  deviation,  slightly  larger  than 
the  experimental  accuracy. It is to note that for the first  time we were  able to model 
a  large  number of perturbation-allowed  transitions,  not only in energy  but  also  in 
intensity. 
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For a  given  inversion  state, we consider the vibrational  dipole  moments  defined  as 
following : 

<p> 2v2 ( a t s )  = I &' I / f i  = 0.003256(35) D (1) 

<p> 2v2 ( s t a )  = I d," I / f i  = 0.02036(25) D (2) 

<p> v4 ( s t s )  = I dls I = <p> v4 ( a t a )  = I  d? I = 0.08408(34) D (3) 

In Table 9, we show the total integrated  band  intensity  S,(int)  (sixth  column), 
defined  by the summation of all the transitions  associated  with a band : 

where S: is  the  line  intensity of a AJ, AK transition fiom state A to state B 

predicted by our model.  This  prediction  is  calculated  up to J = 15, using the energy 
and  intensity  parameters  from  Tables 6 4  6.b  and 8 respectively,  and  taking the 
total  partition  function  equal to 577.16 at 296 K as  calculated by Urban et al. (1 5 ) .  
The  number of transitions  (second  column)  and the minimum  and  maximum 
positions  (third  and fourth column)  used for calculating  this  sum are also shown in 

Table 9. We  can  also  define thevibrational bandstrength S: such  as: 

where R i  (AJ, AK) contains the rotational  part of the intensity as defined  in  Ref. 

(34). F(m)  is the Herman-Wallis  factor  and  describes the m  dependance (m = -JA in 
P branch,  m = JA + 1 in R branch)  and K dependance  of the effective  vibrational 
transition  moment : 

dnp dnpl d np' 
S ,  (int) = S t  R; (AJ,AK). ( l+-+-  m+2-K-+ ...) (6) 

AJ ,AK d n   d n   d n  

Where d,,  d,,, ... are the Herman-Wallis  coefficients  defined  in  Table 8 for each 
component. 
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If we  assume  that C Rf: (AJ, AK).F(m) x 1, the total  integrated  band  intensity  is 

approximated by the S: vibrational  bandstrength  expressed by ( in  cm-2atm"): 

AJ,a 

0 8z3 v 0 €To 
V  V 3hc Q (T).  T < cLv 

> 2 S (int) S = - 
V 

with E = 2.68675 x 1019 molecules.cm~3.atm"  at To = 273.15 K. The band  centers vo 

are taken  from  Table  6  and < pv >' is the vibrational  dipole  moment for each 

component fiom Eq. (1)-(3). In Eq. (7), Qv is the vibrational  partition  fknction  and 
is  equal to 1.022(10)  in the harmonic  approximation  (35)  with the band  centers 
fkom Refs. (4, 5 ) .  The  uncertainty  on  the  vibrational  partition hnction is  estimated 
to be 2%. 

The  assumption  that  leads to Eq. (7) is valid as long as  the vibrational  band  under 
study  is  relatively  isolated  and as long  as the mixing of  the wavefknctions  describing 

the  upper state energy  levels  is  small. For the 2v2/v4 system,  this  mixing  is  not so 
small due to the Coriolis-type  and 1-type interactions  and so the value of the total 

vibrational  bandstrengths S: (123  (3)  cm-2  atm" at 296 K) shown  in the last  column 

of Table 9 differs  by 5 % fiom the total integrated  band  intensity,  equal to 1 17 (6) 
cm-2  atm" but is still  within the error bar. 

t 
% 

, p  

In our previous  study of the 3v&+v4 system (4), the Herman-Wallis  correction was 
introduced  in the calculation of the vibrational  bandstrength. As we noticed that the 
d12 Herman-Wallis  correction for v2+v4 was  especially  large,  a  so-called  "effective" 
vibrational  transition  moment  was  therefore  introduced  (see Eq. (7)  in  Ref. (4)): 

~ ~~~ 

- 
For the v4 band  presently  studied, we could  in  principle  consider the same 
development for the vibrational  transition  moment as the dl1  (m  dependance) 
Herman-Wallis  correction is especially  large  and  even  larger  than the d12 (K 
dependance)  Herman-Wallis  correction. But  the introduction of the dl1  Herman- 

Wallis  correction  in the S: vibrational  bandstrength  is  not  straightforward as its 

effect  is  different for each AJ branch. So none of those effects were thus considered 
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here. 

Table 10 shows a comparison  between the values we obtained for  the transition 

dipole  moment  matrix  elements, < Os('"), 0' I pz I 2"(')', 0' > and < Os('"), 0' I px I 
Oo, 1+' '('"I > = < Os('"', 0' I py I Oo, 1 ~ '  > for the 2v2 and v4 bands  respectively,  and 

those obtained by different authors. For v4 (last column  of  Table lo), we note that 
our transition dipole  moment  value  is not too different  (within about 1-6 %) from 
previous  studies.  Aroui et al. (17) gave two different  values for  the symmetric v4 

(s) and  antisymmetric v4 (a) transition  dipole  moments.  The theoretical approach 

those  authors used  involves  only the v4 band,  and no Coriolis  coupling  with the 2v2 
band was taken into  account  explicitly,  which  makes the comparison  with our dyad 
model  difficult. In our case, only the intensity  parameters corresponding to the 
transition  dipole  moment of the v4 (s ,a ts)  band were required. The differences 
between the (s) and  (a)  intensity parameters are not  found to be significant, as 
indicated  above. 

For the 2v2 ( s t a )  component  (second  column of Table lo), the only other 
experimental  values  available for comparison are from  Urban et al. (15) who  used 
only 10 transition  measurements for this component to fit the dipole moment 
transition. Their  value is about 1 1  % larger than ours. For  the transition dipole 
moment  matrix  element of the 2v2 ( a t s )  component  (first  column of Table lo), our 
value is the fist  one obtained from direct  (experimental intensitih) measurements. 
The  value of the  transition  dipole  moment  listed in Ref. (15) involves a mixing 
coefficient  analysis  in  energy  and  some  consideration about the ratio of the v2 and 2 
v2 transition dipole  moment.  Urban et al. (15) obtained a value about 10 times 
higher than ours and  an opposite sign (relative to the other components). Finally, 
the ab initio  values  from Pracna et al. (33) are in fairly good agreement  with ours. 

- -~ "" ~~ ~~~~. - 

Table 11 summarizes the comparison  between the values  we  obtained for the 
bandstrengths and values  from  earlier literature. We are in good agreement  with the 

bandstrength  of  the v4 band  obtained from experimental  measurements by Aroui et 
al. (17) and in reasonable  agreement  with the average of the values  obtained in the 
low resolution studies (19-22). Also, we  can  calculate  from Eq. (7) the 
bandstrength  obtained by Urban et al. (15) using his values of the vibrational 
transition  moment  matrix  element.  Although  they  used 10 relatively unperturbed 

transitions for evaluating the v4 transition dipole  moment, their values are not far 
from ours. 
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The  energy  and  intensity  parameters are also  used to generate a line-by-line 
frequency  and  intensity  prediction of ‘%€I3 of the 2v2/v4 system for all the 
transitions  with J = 15, with  an  intensity  cut-off of 1 .O x 10” cm-2atm”  at 296 K, 
which is sufficient for planetary  purposes. A comparison of observed  and  calculated 
spectra is shown  in  Fig. 4. In the top panel, the calculated  spectrum is based  on the 
line  parameters  in the HITRAN database (37) while the bottom  panel  shows the 
same  interval  calculated  with the present  results.  This  complete  data  file  is  available 
from the authors. 

V. First  application to planetary  spectra  analysis 

As a  preliminary  illustration, the present  prediction was used for a  calculation of a 
synthetic  spectrum of Jupiter at 4.8-5.5 pm. The 5 pm  region of Jupiter’s  spectrum 
includes  absorptions by C&, H20, N H 3 ,   P H 3 ,  &EL, C H 3 D ,  as well as a  continuum 
H2-He  and cloud  opacity. Further details of the modeling  can  be  found  in  Ref. (2). 

In Fig. 5 (solid  line), two synthetic  spectra are compared,  calculated  respectively 
with the 1 4 N H 3  spectroscopic  line  list of LeUouch et al. (3), and the one  resulting 
from the present  study, all other parameters  being  fixed.  Using  the data of this  study 
results in less  absorption  in  several N H 3  lines,  especially at 5 . 1 3  pm (1950 cm”), 
5.16 pm (1 940 cm”), 5.21 pm (1920 cm”),  and in the Q-branch of the 2v2  (a&) 
band  centered  at 5.3 1 pm (1882 cm“). In contrast, the continuum  longward of 5.4’ 

pm  is  lowered,  since the new  line  list  includes  more  weak  lines  than those of (3). 

,* 

~~ ~ ~~ ~ _” ~ ~~~~ . 

These  differences  warrant  a  reinterpretation of the planetary  spectra,  and  in 
particular of the high  quality ISO-SWS observations  acquired in 1997. Such  a task 
will be  presented  elsewhere,  but  preliminary  simulations  indicate  that,  compared to 
the  results  presented in Ref. (2), the N H 3  mixing ratio in Jupiter’s  atmosphere 
should be increased  by  a  factor of 1.6 at 2 bar,  smoothly  reducing to 1.1 at 4 bar 
and  higher  pressures  (Fig. 5, dashed  line).  This  already  illustrates the importance of 
an  accurate N H 3  line  list. 
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VI. CONCLUSION 

Our theoretical  approach to treat the 2v2/v4 system as a  dyad  in  interaction  isolated 
from the v2,3v2 and v2+v4 bands  has  allowed us to reproduce the line  positions  and 
intensities  reasonably  well  up to J = 15.  This  approximation  is  validated by the 
present work which  required  a  relatively small  number of parameters in energy  and 
intensity to achieve  a  reasonable  agreement  with the high  resolution  infrared 
spectra.  However, as is  usually the case, we do not  expect  predictions  arising from 
this  effort to extrapolate to much  higher  values of the quatum  numbers; at some 
point  accidental  degeneracies  with the higher  levels  of 3v2 (s) will  require  an 
expanded  polyad  analysis to be  performed. 

We  have  now  investigated the inversion-vibration  bands of ammonia in three 
separate  vibrational  systems  between 1200 and 3600 cm" using  measurements  from 
the same  FTS: 5-7 pm (present  study), 4 pm (4) and 3 pm (5). Using  a  polyad 
system to describe the interactions in each  region,  we  have  been  able to determine  a 
set of energy  and  intensity  parameters  in  order to predict the spectral  positions  and 
intensities  with the accuracy  needed for planetary  applications  that  involve the cold 
atmospheres of the outer planets. To achieve  these  results,  it  has  been  important to 
perform  a  simultaneous  analysis of both  energies  and  intensities  using  a 
comprehensive  set of good quality  measurements.  We  have $so found  some 
limitations  in our approach. In our different  studies, we have  noticed that the 
parameters in the v2,  2v2 and 3v2 overtones  did  not  show  any,convergence.  This 
effect does not  seem to appear for v4 and 2v4, and is probably  related to the large 

inversion  splitting of the v2 mode.  Therefore, the intensity  analysis we performed 
based  on the energy  parameters  helped us to confirm our choice.  This  approach 
allows one to study  each  region  independently from others. 

~~~~~ ~~ . ~~ 

Another  problem  encountered  in the infrared  studies  of N H 3  is the large  number of 
inversion-vibration  bands in interaction. In the 3 pm  region  for  example, we did  not - 
include the 4v2 and 2v2+v4 bands. For 4v2 (s), the assignments were too uncertain, 
and  for the 2v2+v4, the band was too weak. To complete the assignments in this 

region, we are studying the v1 t v2,  vg t v2,2v4 t v2,4v2 t v2 and 2v2+v4 t v 2  
hot  bands in frequency  and  intensity. 

As indicated by the missing  lines  in  Fig. 4, the 5-7 pm  region of ammonia  will  not 
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be  completly  characterized  without the inclusion of hot  bands.  Therefore, in 

addition to the present 5 pm  study  and to the 4 pm 3v2/v4+v2 system (4), we are 
also  assigning  and  modeling the intensities for the 3v2 t v2 and v4+v2 t v2 hot 
bands.  The  modelling of exoplanet  atmospheres (38) and  brown  dwarf stars with 
relatively high temperatures (-1000 K) will probably  require  consideration  of  more 
hot  bands of ammonia. For  the present,  our  study of the 5 to 7 pm  region  can 
facilitate the initial  detection of ammonia in these  objects. 
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Figures CaDtions. 

Fig. 1 : Retrieval  of  positions,  intensities  and  widths  using  least  squares  curve  fitting in 
the region  of the R (7,O) and  R (7,l) 2vz ( a t s )  R  branch. The lower  panel  shows the 
observed and synthetic  spectrum  overlaid.  The  upper  panel  shows the differences 
between the two spectra  digits in percent.  The  spectrum is recorded at 0.01 1 cm” 
resolution  using the FTS at Kitt Peak. The path is 433  m  cell  and the pressure of the 
1 4 N H 3  sample  is 6.5 TOK at 297.4 K. 

Fig. 2 : Interaction  blocks  in the upper state energy  matrix for  the 2v2/v4 system of 
14NH3. 

Fig.  3 : Panel A. : Observed-calculated  values for the energy  levels  (in lo4 cm”) as a 

function of upper state quantum  numbers  J’  and K’ for the two components of 2 v ~ .  
Panel B. : Observed-calculated  values [I,,h - Llf / L,k 3 x 100 from the intensity 

fit (in %) as  a  function  of  lower state quantum  numbers s’ and K” for the ‘X, qQ and T 
branches of 2v2 (s t a) component  (left  panel)  and of 2v2 (a s) component  (right 
panel). 

Fig.4 : Comparison of observed  and  predicted  spectra of ammonia.  Using  an  observed 
Kitt Peak FTS  spectrum  recorded at 0.0056 cm“ resolution  with  a  path of 0.25 m  and  a 
pressure of 5.5 Torr at  room  temperature, the improvement of the prediction  is  shown. 
The upper  panel  shows the observed  and  synthetic  spectra  based on the 1996 HITRAN 
database  and the lower  panel  shows the present  results. The features @issing in the 
prediction  are  generally  hot  band  transitions. 

Fig.5 : Comparison  between two synthetic  spectra of Jupiter  calculated  with the N H 3  

spectroscopic data of Lellouch et al. (3) (solid  line)  and  of  this  study (dotted line). 
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Tables CaDtions. 

Table 1. Experimental  Conditions  of the Ammonia  Spectra. 

Table 2. Sample of Intensity  Measurements for N H 3  at 6  pm. 

Table  3.  Comparison of present N H 3  experimental  line  intensities to other studies. 

Table 4. Upper state energy  matrix"  for the 2v2/v4 system of '"I3. 

Table 5.  Statistics for Fitted  Line  Positions  and  Intensities" 

Table 6.a. Energy  Parameters" (cm") for the Ground  Stateb  and the vzb,  2v2 and 3v; 
Overtones  of l 4 w 3 .  

Table 6.b. Energy  Parameters" (cm") for the v4,  v2+v4b and 2vqC of 14NH3. 

Table 6.c. Coriolis  Energy  Parameters" (cm") for the 2vz/v4  and  3v2/v2+v4b systems of 
"3. 

Table 7. Statistics for Fitted  perturbation-allowed  transitions for the 2v2 and v4 System 

Table 8. Intensity  Parameters" @) for the 2v~/v4 System of 14NH3. 

i 

Table 9. Bandstrengths (cm"atm") for the 2v2/v4  bands of 14NH3 at  296 K. 
I *  

< 
Table 10. Comparison of Transition  dipole  moment  matrix  elements  (Debye) fiom  the present  work 
and fiom literature for  the 2 ~ 2 9 ~ 2 ~ 2  and v4 bands of '-3. 

Table 11. Comparison of Bandstrengths fiom the present work and  from  literature  (in 

cm-2atm") for the  2~29, 2v: and v4 bands  of 14NH3 at  296K. 

Appendix . Experimental  Line  Intensities in 2v2 and v4. 
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Table 1 
Experimental  Conditions of the Ammonia Spectra. 

Press. Path Temp. Res. 
Torr m K cm" 

a) Kitt Peak FTS 
9 - 4 pm bandpass 

2.21 
4.91 

10.02 
6.27 
2.50 
5.49 
8.40 

10.90 
19.85 
11.73 
4.53 
9.96 

19.78 

0.04 
0.04 
0.04 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
8.35 
8.35 

24.40 
24.40 

296.9 
296.7 
296.3 
299.3 
296.9 
296.9 
299.3 
296.4 
296.2 
295.0 
295.0 
295 .O 
295.0 

6 - 2 pm bandpass: 

0.0053 
0.0053 
0.0053 
0.0053 
0.0053 
0.0053 
0.0053 
0.0053 
0.0053 
0.0106 
0.0106 
0.0106 
0.0106 

~~ ~ 

2.60 1 S O  294.6 0.01 14 

~~ ~ 1.05-". . ~ 25.00 . 295.0 0.01 14 
6.20 25.00 297.7 0.01 14 
6.50 433.00 297.4 0.01 14 

~ 

b) JPL BRUKER  FTS 

6 - 5 pm bandpass: 

9.61 0.10 296.3 0,006 

1.80 0.80 295.8 0.006 

2.60 0.80 296.2 0.006 

5.30 0.80 295.7 0.006 

15.2 0.80 296.0 0.006 



Table 2 
Sample of intensity  measurements fok N H 3  at 6 pm. 

Position. obs-av Intensity YO Path Press. Temp. 
cm" 1 05. cm" cmm2/atm ob-av m Torr K 

1532.450173 
1532.450347 
1532.451109 

**1532.450543 

1494.242028 
1494.242046 
1494.242104 
1494.2421  10 
1494.2421  14 
1494.242120 
1494.242139 
1494.242147 
1494.242151 

**1494.242107 

1596.895958 
1596.896059 
1596.896157 
1596.896162 
1596.896224 
1596.896325 
1596.896325 
1596.896385 

**1596.896199 

163  1.76563  1 
1631.765641 
1631.765731 
1631.765767 
1631.765771 
1631.766018 
1631.766037 
1631.766054 

**1631.765831 

1871.342279 
1871.342500 
1871.342646 
1871.342652 
1871.343029 

**1871.342621 

2029.664025 
2029.664062 
2029.664087 
2029.664662 
2029.664891 

**2029.664345 

2062.217767 
2062.217980 
2062.2  18025 
2062.218356 

**2062.218032 

-0.37 
-0.20 
0.57 
0.41 ** 

-0.08 
-0.06 
0.00 
0.00 
0.01 
0.01 
0.03 
0.04 
0.04 
0.04 ** 

-0.24 
-0.14 
-0.04 
-0.04 
0.02 
0.13 
0.13 
0.19 
0.14 ** 

-0.20 
-0.19 
-0.10 
-0.06 
-0.06 
0.19 
0.21 
0.22 
0.17 ** 

-0.34 
-0.12 
0.02 
0.03 
0.4 1 
0.24 ** 

-0.32 

-0.26 
0.32 
0.55 
0.36 ** 

-0.28 

-0.26 
-0.05 
-0.01 
0.32 
0.21 ** 

1.262 
1.232 
1.248 
1.248 

1.086E-01 
1.070E-0  1 
1.081E-01 
1.103E-01 

1.072E-01 
9.759E-02 
1.070E-01 
1.070E-O 1 
1.060E-01 

5.5  92E-02 

5.770E-02 
5.898E-02 
5.917E-02 
5.798E-02 
5.803E-02 

5.845E-02 

4.144E-03 
4.278E-03 
3.838E-03 
4.008E-03 
4.168E-03 
4.014E-03 
4.158E-03 

4.1 19E-03 

1.01 1E-01 

6.067E-02 

5.919E-02 

4.346E-03 

8.238E-04 
8.035E-04 
8.323E-04 
8.11  1E-04 
8.437E-04 
8.229E-04 

1.767E-04 
1.667E-04 
1.702E-04 
1.GSE-04 
1.700E-04 
1  A94E-04 

7.230E-05 
7.351E-05 
6.762E-05 
6.825E-05 
7.042E-05 

1.2 
-1.2 
0.1 
1.0 ** 

2.5 
0.9 
2.0 
4.1 

-4.7 
1.2 

-7.9 
1 .o 
0.9 
3.6 ** 

4 .3  
3.8 

-1.3 
0.9 
1.2 

-0.8 
-0.7 

1.3 
2.2 ** 

0.6 
3.9 

-6.8 
-2.7 

1.2 
-2.5 
0.9 
5.5 
3.7 ** 

0.1 
-2.3 

1.1 
-1.4 
2.5 
1.7 ** 

4.3 
-1.6 
0.5 

-3.5 
0.3 
2.6 ** 

2.7 
4.4 

-4.0 
-3.1 
3.6 ** 

0.040 
0.040 
0.040 

0.040 
0.040 
0.250 
0.040 
0.250 
0.250 
0.250 
0.250 
0.250 

0.102 
0.040 
0.040 
0.250 
0.250 
0.250 
0.250 
0.040 

0.80 
0.80 
8.35 
0.80 
0.80 ;a 
0.250,+ 
0.250 
0.250 

I 

25.0 

24.4 

24.4 

8.35 

8.35 

433.0 
25.0 
24.4 

8.35 
24.4 

24.4 
433.0 

25.0 
24.4 

2.22 
4.91 

10.02 

10.02 
4.91 
2.50 
2.22 
6.27 
5.49 
8.40 

19.85 
10.90 

9.60 
2.22 
4.91 
2.50 
5.49 

10.90 
19.85 
10.02 

1.80 
2.60 
4.53 

15.22 
5.30 

19.85 
5.49 

10.90 

1.050 
4.530 
9.960 

11.735 
19.780 

6.50 
6.20 
9.96 

11.74 
19.78 

9.96 
6.50 
6.20 

19.78 

296.9 
296.7 
296.3 

296.3 
296.7 
296.9 
296.9 
299.3 
296.9 
299.3 
296.2 
296.4 

296.0 
296.9 
296.7 
296.9 
296.9 
296.4 
296.2 
296.3 

296.0 
296.0 
295.0 
296.0 
296.0 
296.2 
296.9 
296.4 

295.0 
295.0 
295.0 
295.0 
295.0 

297.4 
297.7 
295.0 
295.0 
295.0 

295.0 
297.4 
297.7 
295.0 

Individual  and  averaged intensities are in normal abundance at 296 K. 
** indicates  the  averaged values: 
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Table 4 
Upper state energy  matrixa  for the 2vZ/v4 system of '%3. 

Diagonalb' 
<i, v, h ; J,K 1 i, v, 4 ; J,K> = vvi + B,' J(J+l) +(Gi - Bd)K2 - D,J.' J2(J+1)2 - DVKi J(J+1)K2 
- D , ~ '  K4 + H,J" J3(J+l)3 + HvKi J2(J+1)2K2 + HvK' J(J+1)K4 + Hvyi K6 - 2(CC&' Kh 
+ qv'.; J(J+1) + qvKi K314 + xLi J2(J+1)2K& + xnci J(J+1)K3b + xKi K514 

essential  resonnancesb' 

< i,  1, T 1;  J,K I i, 1, f l  ; J, K*2> = F;(J,K) [q2i+ qzi  J(J+l) + qu<i(2Kf2)2] 
< i, 1, f l ;  J,K I i, 1, T 1 ; J, Kf4> = F4'(J,K) fi' 

Coriolis-type  couplingb, 
< s, 2, 0, 0; J,K I a, 1, f l ;  J,K*l> = F:(J,K) [cis+ clJ" J(J+l) T c1~<(2Kfl) + c1~2'(2K*l)~ + c ~ ~ ' ( 2 K f l )  J(J+1) 
< a, 2, 0,  0; J,K I s, 1, f l ;  J,Khl> = F:(J,K) [c:+ clJ" J(J+l) T c l ~ t ( 2 K f l )  + c1~2~(2Kf l )~  + c1~~'(2K*l) J(J+1 
< i, 2, 0, 0; J,K I i,  1, T 1; J,K*2> = fF;(J,K) [CZ' + czi J(J+l) f CX' (2K*2)] , 

, r  ""_""""""""""""""""" 
F;(J,K) = [J(J+l)-K(K*l)]'R ; F;(J,K) = Ft(J,K) F;(J,Kfl) ; ... i. 

a The  elements are gwen  according  to the phase  conventions of Ref. (36) and obey <i', v' ; J, K' I i, v ; J, K> = 
< i, v ; J, K I i', v' ; J, K'>. The quantum number M is omitted  throughout the Table. 
b The  set (2v2, v4) equal to (2,O) and (0,l) for the upper  states of 2v2 and v4 respectively. 

In all elements < i, ... I i, ...> = ..., the index i represents s or a. 
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Table 5 
Statistics  for  Fitted  Line  Positions  and  Intensities”. 

A) Fit of line  positions” B) Fit of the  line  intensities” 
Number of lines rms (cm“) Number of lines rms (%) 

2v2  403 
s t q s  262 

a t s , a  141 

v4 
s t s , a  
a t a , s  

1663 
886 

777 

0.003 1 

0.0037 
0.0014 

0.0034 
0.0030 

0.0038 

vibrationally mixed 48 0.0032 

254 

142 

112 

927 
50 1 
426 

4.1 

5.0 

3 .O 

4.9 
5.0 

4.8 

22 5.5 

21  14 0.0034 

~ 

1203 4.7 

Number of parameters  57  16 

“The  results  include for each  band,  all  the  transitions going up successively  to “s” or “a” upperpte components.  The two inversion 
parities of the  lower  state  indicate  symmetry  allowed  (listed  first)  and  “perturbation-allowed”  (&ed  second)  transitions  respectively. 
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I ame b.0 

Energy  Parametersa (cm”) for  the v4,  v~+v: and 2v4‘ of ‘-3. . ,  

~ 

~ 

v4 6 )  
1) diagonal 

V 1626.2758(13) 
B v  

c v  

D: x103 
DF x 1 ~ 3  

D~~ x103 

H F  x105 

H~~ X io5 

HJ x106 

HVK x105 

(CG) 
qJ x102 
q v K  X l O 2  

2) essential 

q3v x103 

q1 x10’ 

q1J X104 

qlK X105 

42 x10’ 

q2J X i o 4  

q2K X104 

f4 x105 

10.184388(60) 
6.169283(64) 

1.02494(75) 

-1.9680(18) 
1.1270(12) 
0.3547(19) 

-0.1205(11) 
0.1406(  15) 

-0.05407(76) 
-1.51999(10) 
-0.25682(94) 
0.20326(94) 

0.1465(36) 
-1.2282(  15) 

0.8753(58) 
- 1.957(20) 
1.54214(36) 

-0.7988(30) 

0. 

1.729(26) 

v j  (a-s) 

1.0986(17) 
-0.01774(18) 
0.00297(5) 

-0.02200(28) 

0.0844(12) 
-0.06430(95) 

fixedd 

fixedd 

fixedd 
fixedd 

0. 

0. 

0. 

- 
- 
- 
- 

-0.1028(16) 
0. 

0. 

0. 

2540.5287(33) 
10.31504(12) 
6.01800(15) 

1.3122(11) 

-2.7747(69) 
1.6843(75) 

Fixedd 

Fixedd 

Fixedd 
Fixedd 

-1.30276(51) 
-0.21 1 l(30) 
0.1184(33) 

45.6030(48) 
-0.21041(18) 
0.090039(22) 

-0.4593(14) 

1.2625(87) 
-0.8674(78) 

fixedd 

fixedd 
fixedd 

fixedd 
-0.18416(48) 
-0.1527(  19) 
0.1964(26) 

3228.42(18) 
10.413(1) 
6.099(2) 

1.28(2) 
-2.54(6) 

1.45(3) 
fixedd 

fixedd 

fixedd 

fixedd 
-1.373(2) 

0. 

0. 

1.45(3) 
-0.0575(9) 

fixedd 

fixedd 

fixedd 
fixedd 
fixedd 

fixedd 

fixedd 

fixedd 
-0.033(3) 
0.28(2) 

-0.37(2) 

-0.2258(33) 
1.1074(26) 

- 1.3 16(26) 
6.3 6(44) 
1.24686(90) 

-0.8220(84) 

-0.632(34) -__.- 

1.7 18(66) 

- fixedd 0. 
- 0.137(6) 
- 0. 0. 
- 0. 0. 

0.17438(78) 0.827(62 0.156(3) 

, r  

.; 

I 

0. -0.93(6) 
0.- ~- ~-0.21(6)-~ 

0.44(10) 

The quoted  errors  represent  three  standard deviation. For each ban4 the  column “s” and “a-s” g v e  the  value of VI, B:, ... and 

va-vP, Bt-  B:, . . . respectively. 
bValues  determined in Ref. (4). 
‘Values  determined’in  Ref. (5). 
dFixed  to  the  ground  state  values  determined in Ref. (8). 
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Table 8 

Intensity  Parameters' @) for the 2v2/v4 System of 14NH3. 

2v2 

ds 

do 0.004605(50) 0.02419(30) 
dol x103 -0.300(14) -0.662(38) 
do2 x lo4 -0.167( 17) 0. 

do3 x104 -0.175(14) -0.280(54) 
do4 x104 0.255(19) 0.5 16(96) 

dl 
dl1 x102 

dl2 x102 

dl5 x104 

dl6 x104 

dl-, x102 
dl8 x104 

0.08408(34) 
-0.5782(37) 

0.2609(23) 

0.143(18) 
-0.33 l(26) 

-0.1100(13) 
-0.148(19) 

d 
f 

1 &', QIS, dls, ... are  related  to transitions from ground  state s levels ; Qa, bla, dla, ... are related  to  transitions from ground state a 

levels. The signs of intensity  parameters  are  correlated  to  those of the  energy  parameters given in Table IV in Ref. (4). The  quoted 
errors  represent three standard  deviation. 

%he  differences dad' were  not  found  to  be sigolficant and  were set to zero. 
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Table 9 _ .  

Bandstrengths in (cm-* atm")  for  the 2v2/vJ,Bands of '%€I3 at 296 K. 

Band  Centers (cm") 
Number of F- Fmax 
transitions' 

1 I 

S: (2v2 a t s )  284 1402.924 2134.438 1882.179(5) 

S," (2v2 s e a )  598 1272.381 1949.798 1597.470(3) 

S" (v4 s+s> 1345  1253.847 2035.501 1626.276(1) 

S, (v4 a+a) 1216 1256.098 2019.033 1627.375(2) 
vibrational  mixed 249 1335.398 1977.357 

Bandstrengths  (present  work) 
s, (int)2 s: 
0.145(7) 0.201(5) 

7.2(4) 6.68(24) 

57.(3) 1 16.(3)3 

52.(3) 

0.55(3) 

Total 3692 1253.847 2134.438 117(6) 123 (3) 

'Number of transitions  and  frequency  limits used to  calculate  the  integrated  vibrational  bandstrength S, (int). 

'S, (int) : integrated  vibrational  bandstrength C S i with 5 % of precision. 
i 

3 s, = (s: + Sva). 
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Table 10 
Comparison  of  Transition  dipole  moment  matrix  elements  (Eebye)  from the present work and 

.from the literature for the 2v;, 2v2”  and v4 bands  of “NH; .  

< os7 oo I I 2”, oo > < O”, oo I pz I 2s7 oo > < o’, oo I px I oo, 1” > 

~ 

High - Resolution  Measurements: 
Present work (1203  lines)  0.003256(35)  0.02036(25) 
Urban et al.  (15)’  (40  lines)’ 0.02261(21) 
Aroui e t d .  (17)  (57  lines) - 

Calculations: 
Pracna et al. (331~ 0.007 
Urban et al. (1 5)4 -0.031(16) 

0.027 

0.04203(17) 
0.04247(84) 
0.0420(  15) vqS 

0.0394(21) vja 

0.044(  1)3 

1 Observed  values  correspond  to fit I (best fit) in Table IV of  Ref. (15). 

ab initio values from Tables III or VIII of Ref. (33). 

from  Tables II of  Ref. (33;. 

Calculated  value  inferred from fit I in Table IV of Ref. (15). 

2 

4 
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Table 11 
Comparison of Bandstrengths (S,") from the present  work  and  from  Iiterature 

. _  . 

(in cm-2atm") for the 2v;, 2 ~ 2 .  and v4 bands of 1 4 N H j  at  296 K. 

2v2 ( a t s )  2v2 (sea)  v4 

Present  work  1203  lines 0.201(5) 6.68(24) 
Urban  et a1 (15,16)2 40 lines - 8.24(3  1) 
Aroui et-al. (17) 57 lines - - 
low  resolution  studies - - 

116 (3) 
118 (7) 
110.3 (8.5) 
116  (15) 

Average 115.1 (3) 

Calculated  from Eq. (7) of this paper. 

Calculated from the transition dipole moments of Table IV of  Ref. (15) ; referred as fits I. 

Average  value of  Ref. Kim (19), Koops et a l .  (20), France and William (21) and Mc Kean and Schatz (22). 3 
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Line-by-line  prediction for the  2v2/v4  system of ammonia 14NH3 between 1253 and  2134  cm-1. 
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4 

Note : ( I )  :Assignment; ( 1 1 )  Identification of the upper  level; (111): Vibrational band; 
( I V )  : Observed wavenumber in cm-l. If the line was not observed, 

' "c" is the predicted  value corrected with the average of the observedcalculated 
values corresponding to all the transitions included in the ft that reach the same 
upper state level, 'n' is the predicted  value if no transition to the same upper 
state level has never been observed or has never been included in the ft 
(V) (Obs-calc) wavenumber in lo4 cm-l; 
(VI) so in cm-2 atm-1  at 296 K; (VII) Upper state energy levels (in cm-1); 

(VIII): Lower state energy levels (in cm-I); (IX) : weight used for the energy ft. 
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